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Functional Repression of Islet-2 by Disruption
of Complex with Ldb Impairs Peripheral Axonal
Outgrowth in Embryonic Zebrafish
mosaic analysis, coexpression of full-length Islet-2,
and overexpression of the chimeric LIM domains de-
rived from two different Islet-1 family members, dem-
onstrated that Islet-2 regulates neuronal differentia-
tion by forming a complex with Ldb dimers and
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ure 1). The expression of the Islet-1 mRNA becomes
restricted mainly to RoP (Figures 1 and 5D), whereas
the expression of Islet-2 mRNA starts in CaP and VaP
at around 16 hr, almost concomitant with or slightly
before the cell fates of these primary motor neurons are
irreversibly determined (Figures 1 and 5C). Before this
stage, the fate of these primary motor neurons can be
changed by transplantation of one of these cells to a
position which is normally occupied by another (Eisen,
1991). This is accompanied by changes in the expres-
sion patterns of Islet-1 and Islet-2 mRNA (Appel et al.,
1995). These results suggest involvement of the Islet-1
and Islet-2 genes in specification of the primary motor
neurons in zebrafish embryogenesis. Rohon-Beard neu-
rons and the primary sensory neurons in the trigeminal
ganglion also express Islet-1, Islet-2, and Islet-3.
In this paper, we examine the effects of disruption of
heteromeric complexes made of Islet-2 and Ldb dimers
on the differentiation and axonal pathfinding by the pri-
mary neurons in embryonic zebrafish. We disrupted the
Figure 1. Schematic Illustration of the Spinal Cord in the Zebrafish complexes of Islet-2 and Ldb dimers either by overex-
Embryo Viewed from the Anerior Dorsolateral Position
pressing the LIM domains of Islet-2 to mask the LIM-
RoP is located around the segment border, and its axon first extends interacting domain of Ldb proteins (Figure 8A, [i]) or bycaudally, exits from the spinal cord at the midsegment, and inner-
overexpression of the LIM-interacting domain of Ldbvates the septal myotome. CaP is located at the midsegment, inner-
proteins to mask the LIM domains of Islet-2 (Figure 8A,vates the ventral myotome. CaP, in about half of the segments,
forms an equivalence pair with VaP, which initially extends the axon [ii]). Our results have demonstrated that complex forma-
ventrally but dies during development. MiP is located between RoP tion of Islet-2 with Ldb proteins is essential for normal
and CaP and innervates the dorsal myotome. SC (spinal cord), NC function of Islet-2, and that Islet-2 plays an essential role
(notochord), RB (Rohon-Beard neurons); see text for other abbrevia- in differentiation and the peripheral axonal outgrowth oftions. Anterior, left; dorsal, top. Adapted from Bernhardt et al., 1990;
the Islet-2-positive primary sensory and motor neurons.Eisen et al., 1986, 1990; and Kuwada et al., 1990.
Resultsexpression of LIMIsl-3 were attributed mainly to functional
repression of Islet-3. Consistent with our result in zebra-
Overexpression of the Islet-2 LIM Domainsfish, in Drosophila melanogaster, the LIM domains of
or the Ldb LIM-Interacting Domain PreventsApterous, another LIM/homeodomain protein, act in a
Islet-2 from Binding to Ldb Proteins In Vitrodominant-negative fashion to disrupt the function of Ap-
Ldb proteins of mouse can selfdimerize via its dimeriza-terous (O’Keefe et al., 1998). Overexpression of the LIM
tion domain and bind promiscuously to all nuclear typedomains of Apterous disrupted wing development, sug-
LIM domains (Agulnick et al., 1996; Jurata et al., 1996;gesting that the overexpressed LIM domains disrupted
Bach et al., 1997; Morcillo et al., 1997; Ferna´ndez-Fu´nezthe interaction of Atperous with Chip, a Drosophila pro-
et al., 1998). Four members of the Ldb family have beentein of the Ldb/NLI/CLIM family, which binds promiscu-
identified in zebrafish. Of these, zebrafish Ldb1 is ex-ously to any LIM/homeodomain protein. Overexpression
pressed ubiquitously, and has been shown to bind pro-of the LIM domains of Apterous or loss-of-function mu-
miscuously to various LIM/homeodomain proteins (To-tations in the chip gene, which caused defects in a
yama et al., 1998). We examined the interaction betweenhomodimerization or LIM-interacting domain of Chip re-
zebrafish Ldb1 and the Islet-1 family members in vitroduced neurotransmitter synthesis, reproducing the ap-
using the protein overlay assay. Ldb1 bound to the LIMterous mutant phenotypes. A Chip/Apterous chimeric
domains of Islet-1 and Islet-2 (LIMIsl-1and LIMIsl-2) (Figureprotein consisting of the dimerization domain of Chip
2A) and Ldb1 itself (Figure 2C, left). The protein con-and the homeodomain of Apterous rescued the wing
sisting only of the LIM-interacting domain of Ldb1defect in the apterous mutants (van Meyel et al., 1999).
(LIDLdb1) also bound to LIMIsl-1 and LIMIsl-2 (Figure 2B), butIt also rescued the axonal pathfinding defect in embryos
did not bind to Ldb1 (Figure 2C, right). These resultsmutant for apterous and/or chip, indicating that a tetra-
indicated that both Islet-1 and Islet-2 could form a tetra-meric complex comprised of two Apterous molecules
meric complex bridged by an Ldb1 homodimer via inter-bridged by a Chip homodimer is the functional unit (van
action of their LIM domains with the LIM-interactingMeyel et al., 2000).
domain of Ldb1.The Islet-1 family (Islet-1, Islet-2, and Islet-3) is also
To check whether overexpression of the LIM domainsexpressed in the primary sensory neurons and subsets
or LIDLdb1 could interfere with the binding between Ldb1of the primary motor neurons, RoP (rostral primary motor
and the Islet-1 family members, we performed the com-neuron), MiP (middle primary motor neuron), CaP (cau-
petition experiments (Figures 2D and 2E). The interac-dal primary motor neuron), and VaP (a variably present
tion between Ldb1 and Islet-2 was indeed inhibited byprimary motor neuron), in zebrafish embryos (Eisen et
adding an increasing amount of LIMIsl-2 (Figure 2E, firstal., 1986; Myers et al., 1986; Eisen et al., 1990; Inoue et
al., 1994; Appel et al., 1995; Tokumoto et al., 1995) (Fig- row from the top), and the interaction between Ldb1
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Figure 2. Interaction between Ldb1 and the
Proteins of the Islet-1 Family in the Protein
Overlay Assay and the Subcellular Localiza-
tion of Overexpressed LIMIsl-1 and LIMIsl-2
(A) Blotted Ldb1 bound to 35S-labeled LIMIsl-1
(left) and 35S-labeled LIMIsl-2 (right).
(B) Blotted LIDLdb1 bound to 35S-labeled LIMIsl-1
(left) and 35S-labeled LIMIsl-2 (right).
(C) Blotted Ldb1 bound to 35S-labeled Ldb1
itself (left), but not to 35S-labeled LIDLdb1 (right).
(D) Binding of Ldb1 with 35S-labeled LIMIsl-2
was inhibited by addition of an increasing
amount of nonlabeled LIDLdb1.
(E) Addition of an increasing amount (2 [0 mg];1
[2 mg]; 11 [20 mg]) of nonlabeled LIMIsl-2 com-
petitively inhibited binding of blotted Ldb1
with 35S-labeled Islet-2 (the first row from the
top), but not with 35S-labeled Islet-1 (the sec-
ond row). Addition of an increasing amount
of nonlabeled LIMIsl-1 did not inhibit binding of
blotted Ldb1 with 35S-labeled Islet-2 or Islet-1
(the third and fourth rows).
(F) The GFP signal from the overexpressed
LIMIsl-1 and LIMIsl-2 fused with GFP was local-
ized in the nuclei (left and center), whereas
the signal from GFP alone was detected both
in the nuclei and cytoplasm (right).
and LIMIsl-2 was also inhibited by adding an excess of subepidermal regions (Figures 1, 3G, and 4C). The tri-
geminal sensory neurons are bipolar with their centralLIDLdb1 (Figure 2D). Therefore, overexpression of LIMIsl-2
or LIDLdb1 was expected to prevent the formation of the axons fasciculating with each other and projecting into
the CNS and the peripheral axons arborizing extensivelycomplex consisting of an Ldb1 dimer and Islet-2 (Figure
8A, [i] and [ii]). in the peripheral subepidermal regions (Figures 3I and 4D).
In embryos overexpressing LIMIsl-2, all the peripheralIn contrast, overexpression of LIMIsl-2 did not inhibit
complex formation by Ldb1 with Islet-1 (Figure 2E, sec- branches from Rohon-Beard neurons and the trigeminal
sensory neurons were completely missing (Figures 3Aond row) and overexpression of LIMIsl-1 did not impair
complex formation by Ldb1 with Islet-1 or Islet-2 (Figure and 3C), while their central branches remained intact
(Figures 3B and 3C). The ventrally projecting axons of2E, third and fourth rows). Therefore, despite the promis-
cuous binding of Ldb proteins to any LIM/homeodomain the primary motor neurons, CaP and VaP, also appeared
to be missing (Figure 3B). Moreover, development ofprotein in vitro, our competition experiments using pro-
tein overlay assay showed that the heteromeric complex the optic vesicles and MHB was also severely impaired
of Ldb proteins with Islet-2 is more susceptible to over- in the embryos overexpressing LIMIsl-2, as seen with over-
expression of LIMIsl-2 than the complexes of Ldb proteins expression of LIMIsl-3 (Kikuchi et al., 1997) (Figure 3C).
with other LIM/homeodomain proteins. Apart from a subtle difference described in the last sec-
tion of Results, LIMIsl-2 and LIMIsl-3 induced similar de-
fects, both in the axonal pathfinding and in developmentOverexpression of LIMIsl-2 and LIDLdb1 Induces
of the optic vesicles and MHB. This is probably becauseSimilar Defects In Vivo
of the high degree of identity (92%) in their amino acidTo examine the effects of overexpression of LIMIsl-2 or
sequences (Tokumoto et al., 1995).LIDLdb1 in vivo on the axonal trajectories of the primary
In the embryos overexpressing LIDLdb1, the peripheralneurons, we injected in vitro synthesized mRNA encod-
branches of Rohon-Beard neurons (Figure 3D), the tri-ing them into the one-cell stage embryos, and later
geminal sensory neurons (Figure 3F), and the ventrallystained the injected embryos with the antibody for acet-
projecting axons from the primary motor neurons (Figureylated a-tubulin, which stains almost all axons in zebra-
3E) were eliminated, as seen in the embryos overex-fish embryos (Bernhardt et al., 1990; Kuwada et al.,
pressing LIMIsl-2 (Figures 3A–3C). Development of the1990).
optic vesicles and MHB was also impaired in these em-In the normal embryos, Rohon-Beard neurons and the
bryos (Figure 3F). Therefore, overexpression of LIMIsl-2trigeminal sensory neurons are multipolar in their ways
(or LIMIsl-3) and LIDLdb1 induced similar defects. However,of axonal extension. From Rohon-Beard neurons, one
overexpression of the LIM domains of none of the otheraxonal branch descends, and the other ascends on the
LIM/homeodomain proteins, such as Islet-1, Lim1, Lim3,ipsilateral side of the dorsal spinal cord, fasciculating
and LH2, induced such abnormalities in axonal out-with the dorsal longitudinal fascicle (Figures 1, 3H, and
4C). The third arborizes extensively in the peripheral growth by the primary neurons (data not shown).
Neuron
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Figure 3. Axonal Outgrowth Defects in the
Primary Sensory and Motor Neurons in Em-
bryos Overexpressing LIMIsl-2 and LIDLdb1
The axons and cell bodies of Rohon-Beard
neurons (A, B, D, E, G, and H) and the trigemi-
nal sensory neurons (C, F, and I) were visual-
ized by staining with an antibody for acet-
ylated a-tubulin in embryos overexpressing
LIMIsl-2 (A–C) in embryos overexpressing
LIDLdb1 (D–F) and in normal embryos (G– I).
The pictures in (A), (D), and (G) are focused
on the surface of the same part of the em-
bryos as in (B), (E), and (H), respectively. The
peripheral axons (closed circles) of Rohon-
Beard neurons and the trigeminal sensory
neurons were missing in the embryos overex-
pressing LIMIsl-2 (A and C) or LIDLdb1 (D and F),
while their centrally projecting axons (arrow-
heads) remained intact (B, C, E, and F). Note
also that the ventrally projecting axons from
CaP and VaP (asterisks in H) were absent in
the embryos overexpressing LIMIsl-2 (B) and
LIDLdb1 (E). Development of MHB (brackets) (I)
is also impaired in the embryos overexpress-
ing LIMIsl-2 (C) and LIDLdb1 (F). The arrow in (B)
indicates a ventral neuron aberrantly ex-
tending the axon rostrally. SC (spinal cord).
Anterior, left; dorsal, top. Scale bar, 20 mm.
In addition to the LIM/homeodomain-type transcrip- to the peripheral branches. These abnormalities were
not caused by retraction or elimination of once-formedtion factors, there are some other proteins that have
LIM domains but interact with cytoskeletal proteins (see peripheral branches or delay in axonal outgrowth, be-
cause the peripheral branches were never formed duringBach, 2000, for review). To exclude the possibility that
the effect of overexpression of the LIM domains of Islet-2 the time-lapse observation of the embryos overexpress-
ing LIMIsl-2 in which a single Rohon-Beard neuron wasmay be due to interaction with such nonnuclear proteins
in vivo, we examined the localization of the overex- labeled with GFP (Figure 4E). Overexpression of LIMIsl-2
was also associated with severely reduced expressionpressed LIM domains. For this purpose, we overex-
pressed recombinant proteins consisting of LIMIsl-1 or of the endogenous Islet-2 mRNA in both Rohon-Beard
neurons and the trigeminal sensory neurons (Figures 5ALIMIsl-2 fused with green fluorescent protein (GFP) in the
embryos. Both were localized to the nuclei (Figure 2F), and 6C for Rohon-Beard neurons; data not shown for
the trigeminal sensory neurons). Because the numberpersisted equally for up to 24 hr in the embryos (data
not shown), and induced exactly the same defects as of Islet-1-positive cells in the dorsal spinal cord was not
significantly reduced compared with the normal em-those induced by overexpression of LIMIsl-1 and LIMIsl-2
(see the last section of Results for the effects of overex- bryos (Figures 5B and 5D), the decrease in the level of
expression of the endogenous Islet-2 mRNA in the dor-pression of LIMIsl-1).
sal neurons was not due to a reduction in the number of
Rohon-Beard neurons. This observation suggests thatOverexpression of LIMIsl-2 Impairs the Axonal
Outgrowth into the Periphery by the Primary there is an autoregulatory mechanism for maintaining
the expression of Islet-2 mRNA in Rohon-Beard neuronsSensory Neurons
Overexpression of LIMIsl-2 caused the primary sensory and the trigeminal sensory neurons.
neurons to lose their peripheral branches (Figures 3A
and 3C). In contrast, the projections by Rohon-Beard Overexpression of LIMIsl-2 Causes Aberrant Positioning,
Axonal Pathfinding, and Neurotransmitter Expressionneurons into the spinal cord and by the trigeminal sen-
sory neurons into the hindbrain were not affected (Fig- by the Islet-2-Positive Primary Motor Neurons
In the normal 18 hr embryos, the ventral Islet-2-positiveures 3B and 3C). We examined the precise morphology
of the affected primary sensory neurons by the stochas- neurons, CaP and VaP, are located adjacent to each
other at the middle of the segments (Figure 5C). In the 18tic labeling method (see Experimental Procedures). In
the embryos overexpressing LIMIsl-2, the central axons hr embryos overexpressing LIMIsl-2, the Islet-2-positive
ventral neurons were no longer arranged regularly inof Rohon-Beard neurons extended both rostrally and
caudally in the dorsal spinal cord as in the normal em- the middle of the overlying myotomes, but were rather
distributed at random distances from each other (Figurebryos, but the peripheral branches were completely
eliminated (Figure 4A). The central axons of the labeled 5A). c-met is another marker gene which is expressed
specifically in CaP and VaP in normal 24 hr embryostrigeminal sensory neurons remained intact, and only
the peripheral axons were missing (Figure 4B). There- (Figure 5E). In the 24 hr embryos overexpressing LIMIsl-2,
distribution of c-met-positive cells became randomizedfore, we concluded that the effects of overexpression
of LIMIsl-2 on the primary sensory neurons were specific (Figure 5F), and these cells were also positive for Islet-2
Islet-2 and Peripheral Axonal Outgrowth in Zebrafish
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Figure 4. Axonal Extension of Stochastically
Labeled Rohon-Beard Neurons and the Tri-
geminal Sensory Neurons
(A and B) The peripheral axons of Rohon-
Beard neurons (A) and the trigeminal sensory
neurons (B) were missing in 28 hr embryos
overexpressing LIMIsl-2, while their centrally
projecting axons (arrowheads) remained
intact.
(C and D) Stochastically labeled Rohon-
Beard neurons (C) and the trigeminal sensory
neurons (D) in 28 hr normal embryos. The
peripheral axons are indicated by closed cir-
cles. Note that the embryos overexpressing
LIMIsl-2 lack the optic vesicles (ov) and MHB
(brackets) (B and D).
(E) Time-lapse observation of a stochastically
labeled Rohon-Beard neuron in the embryos
overexpressing LIMIsl-2 from 20 to 26 hr. The
GFP signal was pseudocolored in green and
superimposed with the image of the same
area captured by differential interference mi-
croscopy. An image of Rohon-Beard neuron
in a normal 24 hr embryo is shown at the
right bottom as a control. The central and
peripheral axons are indicated by arrow-
heads and closed circles, respectively. Be-
side Rohon-Beard neuron, GFP was ex-
pressed in cells in the myotomes, because of
the nature of the cis-acting regulatory ele-
ment used for GFP expression. Anterior, left;
dorsal, top. Scale bar, 20 mm (A), 40 mm (B–D).
(data not shown). In contrast to the Islet-2-positive ven- segments in the injected embryos as in the normal (Fig-
ures 5B and 5D).tral neurons, the Islet-1-positive ventral neurons re-
mained regularly arranged around the borders of the In addition to the positioning errors, overexpression
Figure 5. Overexpression of LIMIsl-2 Dis-
rupted the Regular Arrangement of the Islet-
2-Positive Ventral Neurons
(A–D) The Islet-2-positive neurons (A and C)
and the Islet-1-positive neurons (B and D)
were stained by in situ hybridization either in
the 18 hr embryos overexpressing LIMIsl-2 (A
and B) or in the 18 hr normal embryos (C
and D). The ventral Islet-2- or Islet-1-positive
neurons are indicated by arrowheads.
(E) The c-met-positive neurons (arrowheads)
and their axons (arrows) were stained simul-
taneously by in situ hybridization (purple sig-
nals) for c-met mRNA and by immunohisto-
chemistry (brown signals) for the acetylated
a-tubulin in normal 24 hr embryos.
(F) Distribution of c-met-positive ventral neu-
rons in the spinal cord became irregular by
overexpression of LIMIsl-2. Anterior, left; dor-
sal, top. Scale bar, 40 mm (A–D), 20 mm (E
and F).
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Figure 6. Overexpression of LIMIsl-2 Impaired
Axonal Outgrowth and Altered Neurotrans-
mitter Expression of the Islet-2-Positive Ven-
tral Neurons
(A and B) The 28 hr embryos overexpressing
LIMIsl-2 (A) and the normal 28 hr embryos (B)
in which all axons from the primary motor
neurons were stained with znp1 antibody.
The outgrowth of the axons (asterisk) from
CaP and VaP, but not the axons from MiP
(arrowheads) and RoP (arrows), was pre-
vented in (A).
(C and D) Overexpression of LIMIsl-2 caused
aberrant axonal pathfinding by the Islet-2-
positive ventral neurons and a reduction in
the expression level of Islet-2 mRNA in Ro-
hon-Beard neurons. The Islet-2-positive neu-
rons (arrowheads) and their axons (arrows)
were stained by immunohistochemistry
(brown signals) for the acetylated a-tubulin
followed by in situ hybridization (purple sig-
nals) with a probe specific for the endoge-
nous Islet-2 mRNA in the embryos overex-
pressing LIMIsl-2 (C) and the normal embryos
(D). Rohon-Beard neurons are indicated by
open or closed asterisks. (E–H) Overexpres-
sion of LIMIsl-2 induced aberrant GABA ex-
pression in the ventral Islet-2-positive neu-
rons. The 22 hr embryos overexpressing
LIMIsl-2 (E–G) and normal 22 hr embryos (H)
were stained by immunohistochemistry
(brown signals) for GABA followed by in situ
hybridization (purple signals) with a probe
specific for the endogenous Islet-2 mRNA.
The spinal cord was separated from the adjacent myotomes and notochord. Note that the cell bodies (arrowheads) of the ventral neurons
expressing Islet-2 mRNA alone are translucent, while the cell bodies (arrows) of the ventral neurons doubly positive for Islet-2 mRNA and
GABA are dark. The axonal pathfinding by the Islet-2-negative interneurons was not affected by overexpression of LIMIsl-2 as shown in (F) for
VeLD (V) and CoSA (C) and in (G) for DoLA (D). Anterior, left; dorsal, top. Scale bar, 20 mm.
of LIMIsl-2 affected the axonal pathfinding by the Islet-2- caudal direction on the ipsilateral side of the ventral
spinal cord (Figure 6C), although some occasionally ex-positive primary motor neurons, CaP and VaP, specifi-
cally when the concentration of the injected LIMIsl-2 tended rostrally (Figure 3B).
The aberrant descending pathway taken by the axonsmRNA was within a range of 0.6–1.0 mg/ml, which we
adopted for most of experiments. Under these condi- of the ventral Islet-2-positive neurons in the injected
embryos resembled the one that would be normallytions, only the ventrally projecting axons from CaP and
VaP were impaired, while the axons from MiP and RoP taken by the ventral longitudinal descending neurons
(VeLDs). VeLDs are normally located ventrally, and ex-remained intact in the 28 hr embryos overexpressing
LIMIsl-2, as visualized by the immunohistochemistry with tend their axons caudally on the ipsilateral side of the
ventral spinal cord (Figure 1) (Bernhardt et al., 1990;znp1, a monoclonal antibody that specifically reacts with
the primary neurons (Figure 6A) (Trevarrow et al., 1990). Kuwada et al., 1990). VeLDs express the neurotransmit-
ter g-aminobutyric acid (GABA) (Bernhardt et al., 1992).However, when a higher concentration (1.5 mg/ml) of
LIMIsl-2 mRNA was injected, some axons from other sub- To examine whether overexpression of LIMIsl-2 induced
change in the properties of the ventral Islet-2-positivetypes of the primary motor neurons also failed to exit
from the spinal cord (data not shown). Intriguingly, the neurons into the ones similar to VeLDs, double staining
for the endogenous Islet-2 mRNA and GABA was per-regular arrangement of the Islet-1-positive primary mo-
tor neurons was not perturbed even under this condition. formed. In the normal 22 hr embryos, the Islet-2-positive
ventral neurons were distinct from the GABA-positiveTo examine whether the failure of CaP and VaP, the
ventral Islet-2-positive primary motor neurons, to exit interneurons (Figure 6H). In contrast, the 22 hr embryos
overexpressing LIMIsl-2 had many Islet-2-positive ventralfrom the spinal cord was caused by elimination of these
neurons, we performed double staining with an antibody neurons which were also expressing GABA (Figure 6E).
Although the majority of the double-positive neuronsfor acetylated a-tubulin followed by in situ hybridization
to detect endogenous Islet-2 mRNA. In normal embryos, (70%, n 5 14) extended their axons caudally, similarly
to VeLDs, some of these neurons extended their axonsthe cell bodies of CaP and VaP are located adjacent to
each other at the middle of the segments (arrowheads rostrally (data not shown). The effects of LIMIsl-2 overex-
pression on GABA expression were transient, becausein Figure 6D), and extend their axons to the ventral myo-
tome at 24 hr (arrows in Figure 6D). In the embryos the number of double-positive cells reduced to nil by 30
hr, while other interneurons including VeLDs maintainedoverexpressing LIMIsl-2, the axons did not exit from the
spinal cord like the axons from CaP and VaP in normal normal GABA expression at this stage (data not shown).
In the embryonic spinal cord, Islet-2 is expressed onlyembryos. The majority (76%, n 5 115) extended in the
Islet-2 and Peripheral Axonal Outgrowth in Zebrafish
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Figure 7. Mosaic Analysis Demonstrating the
Cell-Autonomous Involvement of LIMIsl-2 in the
Failure of the Axonal Outgrowth by Rohon-
Beard Neurons, the Trigeminal Sensory Neu-
rons and CaP (or VaP)
The embryos in (A), B), and (C) were made by
transplanting normal donor cells expressing
b-galactosidase with a nuclear localizing sig-
nal into recipient embryos overexpressing
LIMIsl-2. The nuclei of the transplanted normal
cells were stained blue for the b-galactosidase activity, and the axons were stained brown by immunohistochemistry for the acetylated
a-tubulin. In (A), a normal Rohon-Beard neuron (arrowhead) extended the peripheral axons (arrow), while the other Rohon-Beard neurons
(open triangles) overexpressing LIMIsl-2 had no peripheral axons. In contrast, both populations of Rohon-Beard neurons extended their central
axons normally, which became confluent with the dorsal longitudinal fascicles (asterisks) in the spinal cord. Other normal blue cells were not
neurons. Dorsal view: in (B), the normal cells (arrowhead), which were incorporated into the trigeminal sensory ganglion, extended peripheral
axons (arrows). Other normal blue cells were mesodermal. Side view: in (C), a normal CaP (or VaP) (arrowhead) extended an axon (arrow)
ventrally out of the spinal cord. Other normal blue cells were not neurons. Side view: scale bar, 20 mm (A–C).
in Rohon-Beard neurons, CaP and VaP. The axonal tra- Coexpression of the Normal Full-Length Islet-2
Specifically Rescues the Axonal Outgrowth Defectsjectories of the interneurons such as the commissural
of the Embryos Overexpressing LIMIsl-2secondary ascending neurons (CoSA), VeLD, and the
The results of competition experiments in protein over-dorsal longitudinal ascending neurons (DoLA) were not
lay assay suggested that LIMIsl-2 preferentially disruptedaffected in the embryos overexpressing LIMIsl-2 (Figures
the heteromeric complex of Ldb dimers with Islet-2 than1, 6F, and 6G). These neurons do not express Islet-2 in
with other LIM/homeodomain proteins, and overexpres-normal embryos.
sion of LIMIsl-2 had cell-autonomous effects preferentially
on the neurons which express Islet-2. However, these
results alone do not prove that the neural defects causedMosaic Experiments Show that LIMIsl-2-Mediated
by overexpression of LIMIsl-2 are due to impairmentInduction of Defects Is Cell-Autonomous
Islet-2 function. Therefore, we confirmed this by twoBecause we overexpressed LIMIsl-2 by injecting LIMIsl-2
independent approaches.mRNA into one-cell stage embryos, the whole embry-
First, we tried to rescue the defects by coexpressiononic body including the peripheral tissues along the
of the normal full-length proteins of the Islet-1 family
axonal pathways of the Islet-2-positive neurons would
members or of other LIM/homeodomain proteins (Figure
be expected to express LIMIsl-2. To exclude the possibil- 8A, [iii]). Only the coexpression of Islet-2 with LIMIsl-2
ity that the abnormal axonal outgrowth of these neurons significantly rescued the axonal outgrowth defects by
was due to defects in peripheral tissues, we performed CaP and VaP and by the primary sensory neurons (CaP/
mosaic analysis. First, normal blastodermal cells labeled VaP, RB, and TG in Figure 8B). Coexpression of Islet-1
by b-galactosidase with a nuclear localizing signal were or Islet-3 with LIMIsl-2 only marginally promoted the pe-
transplanted isochronically into the blastodermal em- ripheral axonal outgrowth by these neurons. Coexpres-
bryos overexpressing LIMIsl-2. We focused on the em- sion of other LIM/homeodomain proteins did not rescue
bryos in which some of Rohon-Beard neurons (n 5 7), the axonal defects at all (data not shown). In contrast,
the trigeminal sensory neurons (n 5 20), or CaP (or VaP) the defects in the optic vesicle and MHB development
(n 5 3) were derived from the transplanted labeled nor- induced by overexpression of LIMIsl-2 were only rescued
by coexpression of Islet-3, and not of Islet-1 or Islet-2mal cells, and were surrounded by the recipient cells
(OV & MHB in Figure 8B).overexpressing LIMIsl-2. Rohon-Beard neurons, the tri-
These data demonstrate that the functional repressiongeminal sensory neurons and CaP (or VaP), as long as
of Islet-2 was a major cause of the defects in the axonalthey were derived from the transplanted normal cells,
outgrowth by the Islet-2-positive primary sensory andextended their axons into the periphery as in normal
motor neurons in the embryos overexpressing LIMIsl-2,embryos (Figures 7A–7C), while none of these neurons
while the functional repression of Islet-3 was responsi-extended their axons into the periphery if they were
ble for the defects of the optic vesicle and MHB develop-derived from the recipient cells overexpressing LIMIsl-2.
ment in these embryos. This result also revealed that,By transplantation in the opposite direction, i.e, trans-
despite a high degree of similarity within the LIM do-plantation of the labeled cells overexpressing LIMIsl-2 into
mains of Islet-2 and Islet-3, the full-length forms of
normal embryos, we also excluded the possibility that
Islet-2 and Islet-3 exert highly specialized functions, with
the peripheral tissues surrounding the CNS or the tri- Islet-2 regulating axonal outgrowth by the Islet-2-posi-
geminal sensory ganglion might prevent axonal exten- tive primary sensory and motor neurons, and Islet-3
sions when overexpressing LIMIsl-2 (data not shown). The regulating optic vesicle and MHB development.
normal primary sensory neurons or CaP (or VaP) motor
neurons extended their axons into the periphery despite Inhibition of Islet-2 Translation with Antisense
the presence of many cells overexpressing LIMIsl-2 in their Morpholino Oligonucleotide against Islet-2
vicinities. These results demonstrated that the effects mRNA Reproduces the Defects Caused
of LIMIsl-2 overexpression on Rohon-Beard neurons, the by Overexpression of LIMIsl-2
trigeminal sensory neurons, and CaP (or VaP) were cell- As the second approach, we compared the defects
caused by overexpression of LIMIsl-2 with the defectsautonomous.
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Figure 8. Rescue of the Defects Due to Over-
expression of the LIM Domains of the Islet-1
Family Members by Coexpression of the Full-
Length Family Members Revealed Functional
Specification of the Islet-1 Family
(A) Schematic illustrations for disruption of
heteromeric complexes of Ldb dimers (pink
paired chevrons) with Islet-2 (red curved
threaded beads) and putative Islet-2-specific
cofactors (yellow closed circles) by overex-
pression of LIMIsl-2 (red threaded beads) [i]
or LIDLdb1 (pink hooks) [ii], and for rescue by
coexpression of the full-length Islet-2 [iii].
(B and C) Functional specification of the Islet-1
family proteins. (B) Rescue of the LIMIsl-2-
induced defects by coexpression of the full-
length Islet-1 family proteins. (C) Comparison
of the effects of overexpressing the LIM do-
mains (LIMIsl-1, LIMIsl-2, and LIMIsl-3) of Islet-1,
Islet-2, and Islet-3. Indexes to show the ex-
tent of development of the optic vesicles and
the midbrain/hindbrain boundary (OV &
MHB), or the extent of the peripheral axonal
outgrowth by CaP (or VaP) (CaP/VaP), Rohon-
Beard neurons (RB) and the trigeminal sen-
sory neurons (TG) in the injected embryos as
compared to the extent in the normal em-
bryos are represented by a percentage with
the standard deviation indicated by the line
at the top of each data bar. See Experimental
Procedures for details of experiments.
caused by specific inhibition of Islet-2 translation using in motor neurons, and expression of either Islet-1 or
Islet-2 may have recovered to some extent after expira-antisense morpholino oligonucleotide (AMO) against Is-
let-2 mRNA. Recent study has demonstrated the effec- tion of the effects of AMOs.
In the embryos injected with AMO against Islet-2tiveness of AMO in specific inhibition of gene translation
in zebrafish embryos (Nasevicius and Ekker, 2000). We mRNA, the axonal extensions from CaP and VaP were
selectively impaired. Some CaP/VaP axons were com-examined the specificity of AMOs against Islet-1 and
Islet-2 mRNA by injection of them into the embryos sep- pletely absent, and extension of others was significantly
retarded (open asterisks in Figure 9F). In contrast, thearately or together, and examining the expression pat-
terns of Islet-1 and Islet-2 proteins using the cocktail of axons from MiP and RoP remained intact (arrowheads
and arrows in Figure 9E). The extension and branchingthe monoclonal antibodies which should react with all
the Islet-1 family proteins (Ericson et al., 1996). All pri- of the peripheral axons from Rohon-Beard neurons were
also severely impaired, although not completely elimi-mary motor neurons and the Islet-1-positive secondary
motor neurons near the segment borders were detected nated (closed circles in Figure 9E). This phenotype is
strikingly similar to the defects observed in the embryosby this antibody cocktail in normal embryos (Figure 9A).
However, it did not detect the cells expressing Islet-3, overexpressing LIMIsl-2 at a relatively low level by in-
jecting LIMIsl-2 mRNA at the concentration lower than 0.5probably because the expression level of Islet-3 is much
lower than those of Islet-1 and Islet-2. Injection of AMO mg/ml (data not shown). We could not examine the axonal
defects caused by injection of AMO against Islet-2against Islet-1 mRNA selectively reduced the signals
from the Islet-1-positive primary and secondary mo- mRNA at higher concentrations than we used here, be-
cause it induced gross nonspecific abnormalities in em-torneurons, while keeping the signals from CaP and VaP
intact (Figure 9B). In contrast, injection of AMO against bryonic development. In the embryos injected with AMO
against Islet-1 mRNA, the peripheral extension of theIslet-2 mRNA selectively reduced the signals from CaP
and VaP, while the signals from other motor neurons axons from CaP/VaP and Rohon-Beard neurons were
not significantly affected (data not shown). Injection ofremained intact (Figure 9C). Injection of the mixture con-
taining AMOs against both Islet-1 and Islet-2 mRNA AMO against Islet-2 mRNA had no effects on develop-
ment of the optic vesicles and MHB. This result alsocompletely eliminated signals from any motor neurons
(Figure 9D). It was not possible to completely eliminate supports the functional specification of Islet-2 and
Islet-3.the signal from Rohon-Beard neurons by injecting the
mixture of AMOs against Islet-1 and Islet-2 mRNA, prob- The cocktail of anti-Islet-1 antibodies certainly de-
tected the expression of Islet-1 and Islet-2 proteins.ably because the level of expression of Islet-1 and Islet-2
mRNA was much higher in Rohon-Beard neurons than However, it was not sensitive enough to detect the low-
Islet-2 and Peripheral Axonal Outgrowth in Zebrafish
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Figure 9. Inhibition of Islet-2 Translation by Injection of the Antisense Oligonucleotide (AMO) against Islet-2 mRNA Reproduced the Axonal
Outgrowth Defects Caused by Overexpression of LIMIsl-2
(A) The antibody for both Islet-1 and Islet-2 recognized the nuclei of Islet-2-positive CaP and VaP (arrowheads) and of other Islet-1-positive
primary and secondary motor neurons (brackets).
(B) Injection of AMO against Islet-1 mRNA selectively reduced the signals from Islet-1 positive primary and secondary motor neurons, while
keeping the signals from CaP and VaP intact.
(C) Injection of AMO against Islet-2 mRNA selectively reduced the signals from CaP and VaP, while the signals from the Islet-1-positive primary
and secondary motor neurons remained intact.
(D) Injection of the mixture containing AMOs against both Islet-1 and Islet-2 mRNA completely eliminated signals from any motor neurons.
On the other hand, the signals from Rohon-Beard neurons remained.
(E and F) An embryo injected with AMO against Islet-2 mRNA and stained with znp-1 antibody. Extension of some CaP/VaP axons (open
asterisks) was severely retarded and others were totally absent in (E). In contrast, the axons from MiP and RoP remained intact (arrowheads
and arrows, respectively). The extension and branching of the peripheral axons from Rohon-Beard neurons was also severely impaired in
these embryos (F).
(G and H) A normal embryo stained with znp-1. The pictures in (F) and (H) are focused on the surface of the same part of the embryos as in
(E) and (G), respectively. The axons from CaP and VaP are indicated by closed asterisks. The peripheral axons fron Rohon-Beard neurons
are indicated by closed circles. Anterior, left; dorsal, top. Scale bar, 20 mm (A–D and E–H).
level expression of Islet-3. Therefore, even though the (Tokumoto et al., 1995), and induced similar defects.
Their effects on development of the optic vesicles andreactivity with this antibody cocktail appears to be elimi-
nated in CaP or VaP by administration of AMO against MHB (Figures 3C and 4B, and OV & MHB in Figure 8C)
were indistinguishable. However, their effects on theIslet-2 mRNA, the effect of this AMO may not be suffi-
cient to completely remove a low-level expression of axonal outgrowth by both sensory and motor neurons
were not identical. While LIMIsl-3 impaired outgrowth byIslet-2 from these neurons. This may be a reason for a
relatively weak phenotype by administration of AMO the peripheral axons of Rohon-Beard neurons and the
trigeminal sensory neurons (RB and TG in Figure 8C), itagainst Islet-2 mRNA, in contrast to the apparent com-
plete loss of reactivity of CaP and VaP with this antibody did not impair the axonal outgrowth by CaP (or VaP) as
effectively as LIMIsl-2 (CaP/VaP in Figure 8C).cocktail. We also injected the morpholino oligonucleo-
tides with complementary sequences to those of the In contrast to overexpression of LIMIsl-2, overexpres-
sion of LIMIsl-1 did not interfere with interaction of LdbAMOs used above, but we observed no abnormality
(data not shown). proteins with Islet-1 or Islet-2 in vitro, as mentioned
above. Expectedly, overexpression of LIMIsl-1 had no ap-
parent effects on the localization nor the axonal path-Interaction of the Second LIM Domain with Cofactors
May Mediate the Specific Effects of Overexpression finding by the primary neurons, based on whole-mount
in situ hybridization for Islet-1 and Islet-2 mRNA in theof the LIM Domains of the Islet-1 Family Members
The Islet-1 family proteins have two LIM domains. The 18 hr embryos and by the immunohistochemistry with
znp1 (data not shown). However, in situ hybridizationN-terminal LIM domain is strictly conserved among all
three members of the Islet-1 family (more than 94% for Islet-2 mRNA in the 24 hr embryos overexpressing
LIMIsl-1 showed ectopic expression of Islet-2 mRNA inidentities in the amino acid sequences), while the sec-
ond LIM domain is more diverse (70%–87%) (Tokumoto the ventral spinal cord (Figure 10A). This was in contrast
to the Islet-2 expression specifically in the ventrally pro-et al., 1995). It has been shown, by in vitro binding assay,
that Ldb proteins only binds to the first LIM domain of jecting CaP and VaP neurons in the normal embryos
(Figure 10B). This result implies that, even without dis-Islet-1 and not to the second LIM domain (Jurata et
al., 1996), leaving room for the second LIM domain to rupting the complex of Ldb1 and Islet-1, LIMIsl-1 may
have induced defects by interfering with functions ofinteract with some other cofactors. Several results of
our experiments also support this idea. cofactors of Islet-1. The ventral cells ectopically ex-
pressing Islet-2 mRNA occupied the positions that al-As mentioned above, LIMIsl-2 and LIMIsl-3 show a high
degree of identity (92%) in their amino acid sequences most coincided with those occupied by the secondary
Neuron
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Figure 10. Difference in the Defects Induced by Overexpression of LIMIsl-1 and LIMIsl-2 Depends on the Second LIM Domain
(A and B) In situ hybridization for Islet-2 mRNA in the 24 hr embryos overexpressing LIMIsl-1 (A) and in a normal 24 hr embryo (B). The cells
ectopically expressing Islet-2 mRNA in the ventral spinal cord of the embryos overexpressing LIMIsl-1 are indicated by closed arrowheads.
CaPs and VaPs are indicated by open arrowheads.
(C and D) In situ hybridization for Islet-2 mRNA in the 24 hr embryo overexpressing LIMIsl-3/Isl-1 (C) and LIMIsl-3/Isl-2 (D). Expression of Islet-2 mRNA
in ectopic positions and in CaPs and VaPs are indicated by closed and open arrowheads, respectively.
(E and F) In the transgenic zebrafish line which expresses GFP in a subset of the secondary motor neurons under control of the enhancer of
the Islet-1 gene, the GFP-positive secondary motor neurons which normally project their axons dorsally (F) extended aberrant axons ventrally
(arrows) or branched off the dorsally directed axons (arrowheads) from the anomalous positions by overexpression of LIMIsl-1 (E).
(G–J) Rohon-Beard neurons were visualized by staining with antibody for acetylated a-tubulin in the 24 hr embryos overexpressing LIMIsl-3/Isl-1
(G and I) and LIMIsl-3/Isl-2 (H and J). The pictures in (G) and (H) are focused on the surface of the same part of the embryos as in (I) and (J),
respectively. The axonal outgrowth by the primary sensory and motor neurons was intact in the embryos overexpressing LIMIsl-3/Isl-1 (G and I),
where the peripheral axons from the Rohon-Beard neurons and CaP and VaP are indicated by closed circles and asterisks, respectively. The
peripheral axons from the Rohon-Beard neurons were missing in the embryos overexpressing LIMIsl-3/Isl-2 (H), while their centrally projecting
axons (arrowhead) remained intact (J). The ventrally projecting axons from CaP and VaP were absent in the embryos overexpressing LIMIsl-3/Isl-2
(J) like the embryos overexpressing LIMIsl-2. SC (spinal cord). Anterior, left; dorsal, top. Scale bar, 20 mm (A–D, E–F, and G–J).
motor neurons which would be expressing Islet-1 mRNA ure 10D). In contrast, overexpression of LIMIsl3/Isl1 had
no effect on the primary sensory and motor neuronsin the normal embryos (Inoue et al., 1994). We have
previously created the transgenic zebrafish line whose (Figures 10G and 10I), but induced ectopic expression
of Islet-2 mRNA in the ventral spinal cord in the sameembryos express GFP in a specific subset of motor
neurons under the control of the motor neuron-specific manner as overexpression of LIMIsl-1 (Figure 10C). This
result demonstrated that the second LIM domain de-enhancer of the Islet-1 gene (Higashijima et al., 2000).
In the spinal cord, this fish express GFP in a subset of fines the specificity of the effects of overexpression of
the LIM domains of the Islet-1 family members.the secondary motor neurons which project their axons
dorsally (Figure 10F). Concomitantly with the ectopic
expression of Islet-2 mRNA in the secondary motor neu- Discussion
rons in the embryos overexpressing LIMIsl-1, the GFP-
positive secondary neurons made errors in their axonal Our competition experiments using protein overlay
assay showed that LIMIsl-2 preferentially disrupts the het-pathfindings, i.e., abnormally extending their axons ven-
trally, or branching off the dorsally directed axons from eromeric complex of Ldb dimers with Islet-2, leaving
the heteromeric complex of Ldb dimers with other LIM/the anomalous positions (Figure 10E).
To confirm whether variation in the second LIM do- homeodomain proteins less affected. Overexpression of
LIMIsl-2 in vivo preferentially impaired positioning, axonalmains is rather responsible for the difference in the ef-
fects of overexpression of the LIM domains of different outgrowth into the periphery, and neurotransmitter ex-
pression by the Islet-2-positive primary sensory and mo-members of the Islet-1 family, we examined the effects
of overexpressing chimeric LIM domains (LIMIsl3/Isl1 or tor neurons. Such neural defects could be rescued only
by coexpression of the full-length Islet-2, but not byLIMIsl3/Isl2) consisting of the first LIM domain derived from
Islet-3 and the second LIM domain from either Islet-1 overexpression of any other LIM/homeodomain pro-
teins. Furthermore, the defects were similar to the phe-or Islet-2. Overexpression of LIMIsl3/Isl2 impaired the pe-
ripheral axonal outgrowth by the sensory and motor notypes observed in the embryos injected with AMO
against Islet-2 mRNA. These results confirmed that theneurons (Figures 10H and 10J), disturbed distribution of
the Islet-2-positive ventral neurons, and downregulated abnormal differentiation of the Islet-2-positive primary
sensory and motor neurons caused by overexpressionthe expression of Islet-2 mRNA in Rohon-Beard neurons
exactly as observed with overexpression of LIMIsl-2 (Fig- of LIMIsl-2 are mainly due to loss of Islet-2 function as a
Islet-2 and Peripheral Axonal Outgrowth in Zebrafish
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consequence of disruption of the heteromeric complex Functional Specialization of Islet-2 and Islet-3
is Mediated by Diversity in Their Homeodomainof Islet-2 and Ldb dimers.
Flanking Regions
The LIM domains of Islet-2 and Islet-3 are very similar,Role of Islet-2 in Peripheral Axonal Outgrowth
and overexpression of them also induced similar de-by the Primary Sensory Neurons
fects. However, the difference in the effects of coexpres-Repression of Islet-2 function either by overexpressing
sion of either full-length Islet-2 or Islet-3 demonstratedLIMIsl-2 or injecting AMO against Islet-2 mRNA impaired
that, despite extensive similarity within the LIM domains,outgrowth of the peripheral axons from the primary sen-
Islet-2 and Islet-3 have highly specialized functions sosory neurons, while keeping their central axons intact.
that Islet-2 regulates axonal outgrowth by the primaryIn vitro study using the explants of the chick dorsal root
sensory and motor neurons, and that Islet-3 regulatesganglion (DRG) has demonstrated that the DRG neurons
development of the optic vesicles and MHB. This con-extend their axons into the peripheral tissue only in the
clusion is also supported by another result that AMOpresence of the nerve growth factor (NGF), while they
against Islet-2 mRNA affected axonal outgrowth of theextend the axons into the CNS tissue irrespective of
primary sensory and motor neurons but had no effectthe presence of NGF (Tuttle and Matthew, 1995). This
on development of the optic vesicles and MHB.suggests that NGF may selectively promote the periph-
Although the overall structures of Islet-2 and Islet-3eral outgrowth of the DRG neurons. Recently, double
are highly similar (90% identity), two regions, i.e. themutant mice for the genes encoding the proapoptotic
spacer region between the second LIM domain and theBCL-2 homolog BAX and NGF/TrkA were generated (Pa-
homeodomain and the other 46-amino acid region flank-tel et al., 2000). All DRG neurons that would normally
ing the homeodomain on the carboxyl terminal side, aredie in the absence of the NGF/TrkA signaling survive, if
more diverse (70% and 74% of identities, respectively),BAX is also eliminated. In [BAX2/2 and NGF2/2] or
suggesting that Islet-2 and Islet-3 may exert their proper[BAX2/2 and TrkA2/2] mice, only the peripheral axons
functions by interaction of these regions with distinctof the DRG neurons are lost, while the central axons of
sets of factors.them remain intact. Therefore, the NGF/TrkA signaling
regulates outgrowth of the peripheral axons from DRG
neurons. In view of this, it would be intriguing to examine Interaction of the Second LIM Domain with Cofactors
whether Islet-2 is involved in the NGF/TrkA signaling. May Mediate the Specific Effects of Overexpression
of the LIM Domains of the Islet-1 Family Members
In Drosophila, the LIM domains of the LIM/homeodo-Role of Islet-2 in Differentiation of the Primary
Motor Neurons main protein, Apterous (O‘Keefe et al., 1998), act in a
dominant-negative fashion against Apterous function.Our results show that Islet-2 is involved in multiple as-
pects of differentiation of the Islet-2-positive primary Overexpression of the LIM domains of Apterous dis-
rupted wing development, phenocopying the effects ofmotor neurons, CaP and VaP, i.e. determination of their
position, axonal pathfinding, and choice of the neuro- the apterous mutation. However, overexpression of the
LIM domains of Drosophila Islet also caused a similartransmitter. Especially, abnormal induction of GABA in
the Islet-2-positive ventral neurons in the embryos over- defect in wing development. These results suggest that
overexpression of the LIM domains of any LIM/homeo-expressing LIMIsl-2 suggests that these neurons acquired
some properties of the nearby interneurons (VeLDs). domain protein may cause common defects by interfer-
ing interaction of endogenous Apterous with Chip, be-However, transformation of their identity was incom-
plete, because they still retained the expression of cause of the promiscuous binding of Chip to any LIM/
homeodomain protein (Ferna´ndez-Fu´nez et al., 1998).c-met, another CaP/VaP-specific marker gene. Abnor-
mal induction of GABA expression was transient. In ad- Contrary to such results in Drosophila embryos, the ef-
fects of overexpression of LIMIsl-1 and LIMIsl-2 in zebrafishdition, overexpression of LIMIsl-2 did not always change
several properties of these neurons concomitantly. embryos were not identical. Unlike LIMIsl-2, overexpres-
sion of LIMIsl-1 could not interfere with interaction of LdbNamely, there were some Islet-2-positive ventral neu-
rons that changed their axonal pathways but did not proteins with Islet-1 or Islet-2 in vitro. Expectedly, over-
expression of LIMIsl-1 had no apparent effects on theexpress GABA. There were also a few ventral neurons
which were double positive for GABA and Islet-2 but localization or the axonal pathfinding by the primary
neurons. Nevertheless, overexpression of LIMIsl-1 in-did not change their axonal trajectories. These results
suggest that Islet-2 is rather involved in terminal differ- duced ectopic expression of Islet-2 mRNA in the sec-
ondary motor neurons which normally express Islet-1entiation of the Islet-2-positive primary motor neurons
by regulating a part of the multiple aspects of differentia- mRNA and caused aberrant axonal pathfinding by the
dorsally projecting axons from the secondary motortion of these neurons. In fly, mutation of the LIM/homeo-
box gene, apterous, causes aberrant axonal pathfinding neurons. These defects are distinct from the abnormality
observed in the embryos of the Islet-1 knockout mice,by the apterous-positive interneurons without affecting
their lineal identities (Lundgren et al., 1995) and also in which the cells destined to become motor neurons
undergo apoptosis (Pfaff et al., 1996). This discrepancyinduced loss of FMRFamide expression in apterous-
positive neuroendocrine cells without affecting their sur- may also imply that overexpression of LIMIsl-1 may have
induced defects by impairing the functions of cofactorsvival or morphological differentiation (Benveniste et al.,
1998), suggesting that Apterous also regulates, at least of Islet-1 rather than by directly counteracting the func-
tion of Islet-1. Overexpression of chimeric proteins within part, some aspects of the terminal differentiation of
Apterous-positive neurons. the first and second LIM domains derived from different
Neuron
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and staged according to Kimmel et al. (1995). The transgenic zebra-members of the Islet-1 family showed that the second
fish line which expresses GFP in a subset of the secondary motorLIM domain was responsible for the different specific
neurons under control of the enhancer of the Islet-1 gene was gener-effects of these chimeric proteins. Combined with the
ated and maintained as described previously (Higashijima et al.,
biochemical data that only the first LIM domain binds 2000).
to Ldb (Jurata et al., 1996), our results predict the pres-
ence of molecules which would bind to their second LIM Plasmid Construction
domains and, by acting cooperatively with the individual The DNA fragments encoding the LIM domains (LIMIsl-1, LIMIsl-2,
LIMIsl-3) with one c-myc epitope (MEQKLISEEDLNE) added at themembers of the Islet-1 family, may modulate specific
carboxyl terminus, the full-length Islet-2, the LIM-interacting domainfunctions of them.
of Ldb1 (amino acids 240–374), were cloned into the pCS2 plasmidThe effects of overexpression of LIMIsl-2 had a selective
vector (Turner and Weintraub, 1994) to make pCS2-LIMIsl-1, pCS2-
effect on Islet-2-positive neurons. Overexpression of LIMIsl-2, pCS2-LIMIsl-3, pCS2-Islet-2, and pCS2-LIDLdb1, respectively.
LIMIsl-2 only disturbed the positions of the Islet-2-positive We also made constructs which encode the LIM domains of Islet-1,
primary motor neurons, CaP and VaP, while leaving the Islet-2, and Islet-3 with no addition of the c-myc epitope (Kikuchi
et al., 1997). A plasmid containing the full-length cDNA for Ldb1positions of the Islet-1-positive primary motor neurons
(pCS2-Ldb1) was a kind gift from Drs. R. Toyama, M. Kobayashi,intact. This specificity is very strict. Even by overexpres-
and I.B. Dawid. To introduce GFP tag into the LIM domains, thesion of a high level of LIMIsl-2, the regular arrangement
DNA fragment of the full-length GFP was inserted at the 39 end ofof the Islet-1-positive primary motor neurons was not
the DNA fragment encoding the LIM domains of Islet-1 and Islet-2
disturbed. Overexpression of LIMIsl-2 impaired axonal of pCS2-LIMIsl-1 and pCS2-LIMIsl-2, respectively. The DNA fragments
outgrowth by the Islet-2-positive Rohon-Beard neurons, encoding either the second LIM domains of Islet-1 (amino acid 79–
while leaving the axonal pathfinding by the Islet-2-nega- 136) or Islet-2 (amino acid 89–148) were ligated with the fragment
encoding the first LIM domains of Islet-3 (amino acid 1–89), andtive interneurons intact. And, under the condition we
were inserted into pCS2 to make pCS2-LIMIsl-3/Isl-1 and pCS2-LIMIsl-used for most experiments, LIMIsl-2 overexpression se-
3/Isl-2, respectively. Further details on plasmid construction are avail-lectively affected the axonal outgrowth of the Islet-2-
able upon request.
positive primary motor neurons, CaP and VaP, although
it affected the axonal outgrowth of all the primary motor
Protein Overlay Assay
neurons when expressed in excess. Cell-type specificity Glutathione S-transferase fused with LIMIsl-1, LIMIsl-2, and LIDLdb1
of the effects of LIMIsl-2 overexpression may be largely (GST-LIMIsl-1, GST-LIMIsl-2, GST-LIDLdb1) were synthesized and puri-
due to the higher susceptibility of the heteromeric com- fied using pGEX system (Amersham Pharmacia Biotech, Uppsala,
Sweden). Ldb1 or LIDLdb1 proteins were blotted onto polyvinylideneplex of Ldb dimers with Islet-2 to overexpression of
difluoride membranes and hybridized with [35S]methionine-labeledLIMIsl-2 than the complexes of Ldb dimers with other LIM/
LIMIsl-1, LIMIsl-2, Islet-1, Islet-2, Ldb1, and LIDLdb1 proteins, which werehomeodomain proteins, as suggested by in vitro binding
respectively synthesized in vitro from pCS2-LIMIsl-1, pCS2-LIMIsl-2,assay. However, reduced specificity in the effect of over- pCS2-Islet-1, pCS2-Islet-2, pCS2-Ldb1, and pCS2-LIDLdb1 using a
expression of excessive LIMIsl-2 on the peripheral axonal TNT-Coupled Reticulocyte Lysate System (Promega, Madison, WI).
outgrowth of the primary motor neurons suggests that, Signal was detected and analyzed using BAS5000 Image Analyzer
when expressed at a high level, LIMIsl-2 may also interfere (Fuji, Tokyo, Japan).
with the functions of other LIM/homeodomain proteins
RNA Injectionthan Islet-2 which are expressed in the other primary
Approximately 2 nl of in vitro transcribed capped mRNA dissolvedmotor neurons than CaP or VaP, by displacing them
in water at a concentration of 1.0 mg/ml, unless specified otherwise,from Ldb dimers.
was injected into one-cell stage embryos according to the methodOur study has revealed the essential roles of the heter-
described previously (Westerfield, 1995; Kikuchi et al., 1997). The
omeric complex of Islet-2 and Ldb dimers in differentia- LIM domains carrying the c-myc epitope exhibited z2-fold more
tion and the peripheral axonal outgrowth of the Islet-2- potent effects than the corresponding LIM domains alone. We used
positive primary sensory and motor neurons. We also the former constructs for all the experiments except for the rescue
experiments. The overexpressed LIM domains could be detectedpredict that the three regions of the Islet-1 family pro-
in the 24 hr embryos by the immunoblot assay for the c-myc epitopeteins, the second LIM domain and the two short regions
(data not shown).flanking the homeodomain, would play crucial roles in
the specific functions of each member of the Islet-1
Examination of Subcellular Localization of Overexpressedfamily by interacting with different combinations of co-
LIMIsl-1 and LIMIsl-2 Fused with GFP
factors. Factors other than Ldb family have been re- The subcellular localization of LIMIsl-1 and LIMIsl-2 fused with GFP
ported to interact with various LIM/homeodomain pro- was determined by observation of the GFP signal in the yolk epithe-
teins. In mice, Lhx3 and Lhx4 interact with a selective lial cells of the 12 hr embryos using confocal microscopy (Zeiss
LSM510). The GFP signal was pseudocolored in green and superim-LIM domain binding protein (SLB) (Howard and Maurer,
posed with the image of the same area captured by differential2000). Another LIM/homeodomain protein, Lmx1, inter-
interference microscopy.acts with En47/Pan-1, a basic helix-loop-helix type tran-
scription factor, via the second LIM domain of Lmx1
Comparison of LIMIsl-1, LIMIsl-2, and LIMIsl-3(Johnson et al., 1997). However, no factors interacting
and Rescue Experiments
specifically with the LIM domains of the Islet-1 family For comparison of the effects of overexpressing LIMIsl-1, LIMIsl-2, and
proteins have been reported. Investigation for such fac- LIMIsl-3, 2 nl of solution containing mRNA (1 mg/ml) for these proteins
tors would facilitate our understanding of the molecular was injected into one-cell stage embryos. For the rescue of the
LIMIsl-2-induced defects by coexpression of the full-length Islet-1mechanisms of neural specification.
family proteins, 2 nl of solution containing a mixture of mRNA (1.2
mg/ml) for LIMIsl-2 and mRNA (1.5 mg/ml) for the individual full-lengthExperimental Procedures
Islet-1 family protein was injected into one-cell stage embryos. All
data were collected from 19 embryos randomly selected out ofAnimals
those which survived by 24 hr and did not show any severe generalWild-type zebrafish embryos were maintained in our laboratory as
described (Westerfield, 1995). Embryos were incubated at 28.58C malformation. The ratio (%) of the number of embryos with the
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